The western UK basins of the Irish Sea have provided one of the best natural laboratories for investigating the causes and consequences of intracratonic uplift and erosion (exhumation). To date, the emphasis has been on igneous underplating as the chief process driving their exhumation. In this paper, we demonstrate that tectonic inversion -the shortening of formerly extensional basins and reactivation of their constituent faults -dominated the exhumation of the St. George's Channel basin, offshore Wales. Based on mapping of an extensive 2D seismic grid, evidence is presented for at least two major inversion episodes in the Late Cretaceous and the Neogene, plus minor shortening during the Eocene. Inversion was distinctly noncoaxial, especially during the Neogene when coeval transpression and transtension was focused at discrete bends and stepovers on the basin-bounding St.
Intracratonic basinsadjacent to 'passive' ocean margins undergo uplift in response to a diverse range of processes related chiefly to i) epeirogeny (i.e uplift of broad regions of continental interiors), and ii) intraplate shortening and tectonic inversion. Sedimentary basin inversion, the compressional or transpressional reactivation and shortening of formerly extensional basins, can have a marked influence on the structure and evolution of the basin fill. It follows that inversion has major implications for the exhumation of petroliferous basins, where the attendant cooling and lithostatic pressure release affects hydrocarbon generation and retention directly (e.g. Dore et al. 2002) .
Reconstructing the tectonic history of the western UK basins is hampered by the difficulty in recognizing and discriminating the superimposed effects of epeirogeny and inversion. This paper reports on the results of recent mapping of an extensive seismic dataset imaging the SE margin of the St. George's Channel basin (SGCB; Fig. 1 ). The focus of this mapping has been to determine the geometry, kinematics and timing of deformation associated with the Cretaceous-Cenozoic inversion of the NW European 'Alpine' foreland. This was a key period in the development of the sedimentary basins and associated petroleum systems of the western UK basins during which they were affected directly by plate margin processes associated with i) fragmentation of the Eurasian-North American plate (chiefly North Atlantic opening) and ii) Alpine orogenesis.
Seismic data on their own provide only loose constraints on the timing of inversion episodes and the magnitude of the resultant uplift and erosion (exhumation). Consequently, the picture from the seismic data is augmented by information from thermal history reconstruction (THR; in this case, apatite fission track analysis and vitrinite reflectance) to constrain the timing and driving mechanism of exhumation episodes, and THR and sonic velocities to yield information on the magnitude of exhumation. Thermal history reconstruction seeks to identify periods of long-term cooling of sedimentary basins, the principal manifestation in the rock record of major episodes of exhumation.
Vertical sonic velocity profiles provide an effective measure of the maximum burial depth of exhumed sedimentary successions because their long wavelength form (depth range >1km) responds chiefly to compaction-driven porosity reduction.
Regional structure
The SGCB is well placed in the western UK basin system to evaluate the contribution of tectonic 3 3 Secondly, the SGCB spans the key transition between the manifestly inverted basins of southern Britain (e.g. Wessex, Bristol Channel, Celtic Sea basins) and those more deeply eroded basins to the north whose exhumation appears to have been dominated by epeirogenic processes (e.g. East Irish Sea basin).
The thick sedimentary fill of the SGCB is expressed clearly on the free-air gravity anomaly map shown in Figure 1 where a gravity low of -30-35 mGal signifies the main Mesozoic depocentre. It comprises two roughly circular negative anomalies separated by a markedly low-gradient zone of slightly less negativity. This corresponds to a NW-oriented inversion anticline manifested also by the regional structure at basal-and intra-Cenozoic levels (see Figs. 2iii & 2iv) . The SGCB is approximately 100 km x 50 km and contains a post-Carboniferous succession up to 12 km thick (Ref.
- Welch & Turner or Tappin ?) . To the NW and SE, this depocentre is bounded by positive gravity anomalies corresponding to zones of crustal thinning (Blundell et al. 1972 ). The SGCB is separated from the Central Irish Sea basin by the Northwest Flank Fault (an extension of the Menai StraitsSouth Irish Sea Lineament), while the SE flank of the basin comprises two NE-trending fault zones (the St. George's Fault and the Bala Fault) separated by a fault-dissected terrace. To the north, the Codling Fault marks the boundary between the SGCB and the Cardigan Bay basin, while the Sticklepath Fault Zone marks the southern limit of the SGCB. These faults form part of a regional fault system (Figure 3 ) which linked the opening North Atlantic with the Bresse-Rhone-Ligurian rift during the Cenozoic (Coward 1994 ) and accommodated stress generated by the Eocene closure of the Bay of Biscay (Lefort & Agarwal 2000) .
Seismic interpretation -database and methods
The seismic database utilized in this study ( Fig. 1 ) comprises 178 closely spaced 2D migrated seismic profiles acquired as parts of three separate surveys between 1983 and 1996. These data cover a total 3000km 2 with a mean grid cell size of some 1.5km 2 . Based on information tied into the seismic data from 12 wells drilled between 1974 and 1990, interpretations and maps are presented here for the base and top of the Triassic succession, basal Cenozoic and Eocene levels (Fig. 2) . As well as providing stratigraphic constraints on seismic interpretations, sonic velocity and vitrinite reflectance data acquired from these wells have been used to compute the thickness of sedimentary section eroded during the exhumation episodes inferred from the seismic data.
The following four tectono-stratigraphic sequences are identified from well logs and seismic lines in the SGCB (Fig. 4) . packages within an overall fine-grained siliciclastic succession.
3) Sandstone-dominated continental fluvial rocks of Eocene-Oligocene age, with periodic marine incursions. The Cenozoic is generally horizontally bedded and across most of the study area it rests with pronounced unconformity on folded Jurassic strata. Seismically prominent Eocene and Oligocene coals can be mapped across the extent of the study area.
4) A thin veneer of flat-lying Plio-Pleistocene and Quaternary glacial sediments.
Inversion structures -geometry and kinematics
The SGCB exhibits the geometry of a large-scale 'pop-up', or reverse flower structure, with expulsion of the basinfill accommodated by reverse displacement on the divergent Northwest Flank and Bala Faults. A cross-section through the St. Tudwal's Arch (Fig. 5) (Turner 1996) . Subsequent reactivation of this extensional detachment reversed the sense of hanging wall displacement resulting in tightening and amplification of the Morfa structure.
Like the Northwest Flank Fault, the Bala Fault was reactivated during Cretaceous and Neogene inversion with compressional strain restricted mainly to right-stepping jogs along the fault (Fig. 2iii ).
The severity of inversion increases markedly toward the NE where the buttressing effect of the intersection of the Bala and Codling Faults is interpreted to have focused transpressional strain. Thus, in the NE of the study area shortening is accommodated by an antithetic reverse fault splaying from the Bala Fault that duplicates a c.1s TWT Triassic interval (Fig. 8 ). Further south, however, tightening of the Morfa Structure is accommodated by steepening of its forelimb ( Fig. 7) and, to the south of this study area, the fault maintains an extensional geometry (Welch & Turner 2000) . A BGS shallow borehole penetrated Eocene-Oligocene strata on the SE flank of the Morfa Structure (Fig. 2iii) . We interpret these strata to be an erosional remnant of the thick Cenozoic sequence that blankets the rest of the SGCB (c.0.8s TWT Palaeogene rocks preserved in the hanging wall of the Bala Fault: Fig. 8 ).
This interpretation implies that at least 800 m of Palaeogene rocks were eroded during OligoceneMiocene inversion (assuming a Cenozoic interval velocity of 2000 m/s).
Figures 2iii) & 2iv) show a broad, gentle anticline whose axial trace is oriented roughly NW. Its confinement to basal-and intra-Cenozoic levels is typical of the evidence used to recognize inversion tectonics (Turner & Williams 2004) . The St. George's Fault is a complex structure which changes from net normal to reverse offset along strike (Figure 2ii ). Because fault systems evolve during many increments of coseismic slip, fault displacement will increase progressively from the tip of a normal fault, where it is zero, to its centre where it is maximal. Subsequent reverse reactivation of a normal fault means that the fault tip regions will display net reverse offset before the centre. Consequently, segments of net reverse and net normal displacement will be separated by the so called null point at which fault displacement is zero.
Planview structural geometry of the SGCB attests to the significance of strike-slip kinematics in its formation and inversion. Figure 2iii) (Fig. 10 ) is bounded by one of an array of en-echelon normal faults whose geometry is consistent with NE-oriented left-lateral shear (Fig. 2iii) .
Exhumation estimates from analysis of sonic velocities

Method
In common with other approaches to sonic velocity analysis, this study employs the exponential decrease of porosity with burial depth to compute exhumation magnitude (e.g. Magara 1976 , Issler 1992 , Heasler & Kharitonova 1996 Hillis 1995 , Ware & Turner 2002 :
where  = porosity at depth x,  0 = surface porosity of uncompacted sediment and b = compaction coefficient per unit lithology (Athy 1930) . Because mechanical compaction is a largely irreversible phenomenon, it follows that overcompacted sedimentary units (i.e. buried shallower than they have been in the past) will exhibit anomalously low porosity ('burial anomaly' of Japsen 1998). Our approach follows that described in detail by Menpes & Hillis (1995) in which interval transit times (ITT -the reciprocal of interval velocity) from wells drilled in an exhumed basin are compared with a normal compaction curve for a ubiquitous, uniform lithology (Mercia Mudstone Formation):
where m 1 is the gradient of the normal compaction trend, t u is the mean formation ITT for each well, o t  is the constant of the normal compaction trend (i.e. ITT of uncompacted sediment) and d u is the depth of the formation midpoint below the seabed (see also Fig. 11 ). This method yields a value for apparent exhumation (E A ), the thickness of eroded overburden referenced to a discrete unconformity surface. Thus, to gain an estimate of total exhumation (E T ) it is necessary to add the thickness of postexhumation burial to E A .
Results
Analysis of interval transit times from 13 wells from exhumed settings in the SGCB yields two broad trends ( Fig. 11 ):
1. Exhumation between 1.0 km-1.39 km (relative to the reference trend) for wells from the central part of the basin. 
Exhumation estimates from thermal history analysis
Method
The fact that temperature increases progressively with depth within the lithosphere means that palaeothermal indicators such as apatite fission track and vitrinite reflectance data can be used to assess the former burial depths of rock units (Green et al. 2002) . Sedimentary units are progressively heated during burial and begin to cool at the initiation of exhumation. Apatite fission-track and vitrinite reflectance data provide quantitative estimates of the temperatures attained by individual rock samples at a palaeo-thermal maximum, prior to the onset of cooling (Green et al. 1995 (Green et al. , 2002 . Vitrinite reflectance data can provide discrete estimates of maximum post-depositional palaeotemperatures, whilst apatite fission track data can provide either upper or lower limits, or a range of values for the maximum palaeotemperature in up to three separate palaeo-thermal episodes (Bray et al. 1992; Green et al. 2002) . In exhumed basins like those of the western UK, palaeotemperatures derived from apatite fission track and vitrinite reflectance data through a vertical rock section can be used to estimate palaeogeothermal gradients. Moreover, by extrapolation to an assumed palaeo-surface temperature, the thickness of section removed during exhumation can be quantified (Green et al. 2002) . Full methodological descriptions of the analytical and interpretative procedures by which thermal history 8 8 data are extracted from apatite and vitrinite samples are provided by Gallagher et al. (1998) and Green et al. (2002) .
The analysis of a series of apatite and vitrinite samples over a range of depths (e.g. in an exploration well) reveals the variation of maximum palaeotemperature with depth, and the form of the 'palaeotemperature profile' characterising a particular palaeo-thermal episode can provide vital information on the likely mechanisms of heating and cooling during that episode. If the temperature profile within a sedimentary succession was a consequence of a distinct thermal event, then thermal indicators will record an increased palaeogeothermal gradient. Conversely, if maximum palaeotemperatures reflect sediment burial and subsequent exhumation, the recorded geothermal gradient will be similar to the present day value with higher maximum temperatures for a given depth.
In this case the amount of missing section (D) can be estimated from the temperature-depth profile.
Alinear geothermal gradient is assumed:
where i T is the extrapolated palaeotemperature corresponding to the present day surface, s T is the surface temperature and
is the palaeogeothermal gradient at the time of the recorded maximum palaeotemperature (Bray et al. 1992) .
Results
Apatite fission track and vitrinite reflectance data from the SGCB provide further evidence for its exhumation during the Late Cenozoic. Data from well 106/24a-2b are typical. The maximum palaeotemperatures of twenty two vitrinite samples from the Palaeogene and Jurassic intervals in 106/24a-2b were determined using the kinetic model of Burnham & Sweeney (1989) , assuming a heating rate of 1°C/Ma. (Fig. 13a) . From the maps presented in Figure 2 , it is apparent that the well tested the crest of an anticline that formed during the Cenozoic. The intercept on the temperature axis of Figure 13a shows that the vitrinite reflectance-derived palaeotemperatures are mostly >30°C higher than the present day temperatures. Palaeotemperature estimates from the two apatite fission track samples from 106/24a-2b are in good agreement with those from the VR data which, collectively, define a linear gradient. This palaeotemperature profile is more or less parallel to the present-day geothermal gradient suggesting that the palaeotemperature data record heating due to deeper burial rather than increased basal heatflow.
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The continuity of palaeotemperatures across the Jurassic/Cenozoic unconformity for two wells, shown in Figure 14 , implies that maximum palaeotemperatures over all depths within this well were attained following deposition of the Palaeogene section, prior to exhumation-related cooling. Although the thermal history data provide no direct evidence for late Cretaceous-early Cenozoic cooling, they are consistent with appreciable exhumation having occurred, assuming that the thickness of eroded section did not exceed that accumulated during subsequent burial.
Estimates of palaeogeothermal gradient at well 106/24a-2b and the thickness of the eroded section have been obtained using the statistical techniques of Bray et al. (1992) . The results from 106/24a-2b (Fig. 13b) In order to determine the thermal history of the basin margin, several samples were analysed from the Pembroke Peninsula, SW Wales, in the Lower Palaeozoic footwall of the Bala Fault (Fig. 16 ).
Although the Bala and St. George's Faults accommodated only relatively minor extension during the Triassic (Welch & Turner 2000 contend that the bulk of the extension was accommodated by pureshear), major thickening of Jurassic sequences into the St. George's Fault (Figs. 5, 7 & 8) records its importance during renewed Jurassic extension. Consequently, we should expect thermal history data from the footwall to the St. George's Fault to preserve evidence of significant cooling in response to Jurassic footwall uplift. This would allow discrimination of the effects of erosion due to footwall uplift from that due to inversion and/or epeirogeny.
The fission track ages of apatite fission track samples GC399-18, 19 and 20 (locations in Fig. 15 ) are significantly younger than their Ordovician-Silurian stratigraphic ages (Fig. 16) The susceptibility of the SGCB to Late Cretaceous-Paleocene inversion is highlighted by the roughly orthogonal relation between its principal bounding faults and the NW-oriented axis of early Alpine (Laramide) shortening (Hibsch et al. 1995) . In contrast to the Laramide shortening, the kinematics of Eocene and Neogene phases of shortening was controlled by marked partitioning of strain between a predominant NW-oriented regional basement fault system (principally the Codling and Sticklepath lineaments), compartmentalized by NE-oriented faults within the SGCB itself (Fig. 17) . Given the roughly N-S azimuth of later Alpine shortening (i.e. oblique to the trends of present structure; Hibsch et al. 1995) , strain was accommodated by right-lateral strike-slip on the Codling and Sticklepath structures (c.f. Turner 1997), which both display a net right-lateral offset of some 5km (Holloway & Chadwick 1986 , Dobson & Whittington 1979 , Jenner 1981 , Turner 1997 . The imposition of NWoriented dextral shear on the SGCB led to counter-clockwise rotation of major fault blocks (Fig. 17) .
This highly noncoaxial strain is manifested as local transpression on right-stepping bends on the Bala and St. George's Faults, and small transtensional graben at left-stepping bends (e.g. Fig. 2iii, 2iv) . Our model of left-lateral shear within an overall dextral shear couple is consistent with kinematic interpretations of post-Oligocene fault kinematics for eastern Ireland and the western Irish Sea (Cunningham et al. 2003 , Parnell et al. 1988 ).
The history of inversion of the western UK basin system accords with the general picture emerging from the NW European foreland and its adjacent craton. The patchy distribution of inversion across NW Europe is accounted for by a model describing a heterogeneous mosaic of mainly Mesozoic extensional basins with strongly contrasting rheological characteristics. Subjected to a fairly uniform, 11 1999, Nielsen & Hansen 2000 , van Wees & Beekman 2000 . In the case of the SGCB, the noncoaxial orientation of its principal faults with respect to the syn-inversion stress field appears to have been outweighed by their low frictional coefficients and/or the low effective stress acting across them (due, for example, to high pore fluid pressure). In terms of rheological heterogeneity, the maps of Ziegler et al. (1995) illustrate the late Mesozoic-Cenozoic SGCB sandwiched between the stable Palaeozoic Welsh and Irish massifs. Thus, the relative weakness of the relatively young SGCB meant that it served to focus strain during Late-Mesozoic-Cenozoic shortening.
Contribution of inversion to regional exhumation
Despite the unique insight they can provide, both thermal history data and sonic velocity analyses are potentially ambiguous: i) thermal history data are susceptible to transient heating episodes where thermal proxies like apatite fission tracks and vitrinite reflectance are significantly elevated without concomitant increases in burial depth, and ii) the reliance of sonic velocities on the mechanical compaction behaviour of buried rock successions means that interpretation of these data can be similarly complicated where rock successions exhibit abnormal mechanical behaviour (e.g. pore fluid overpressure, lithological heterogeneity, locally cemented zones). Of key importance, therefore, is the consistency of independent interpretations of thermal history and sonic velocity data because this represents an effective test of their mutual reliability as exhumation proxies. Brodie & White (1995) argue that observed shortening in the East Irish Sea basin, to the north of this study area, is significantly less than the c. 30% strain that they contend would be required to account for three kilometres exhumation. Instead, they invoke basaltic underplating as the principal mechanism driving the exhumation. However, the existence of up to 8km thickness of underplated basalt beneath the EISB is reliant on evidence from modelling wide-angle seismic data at the limit of its resolution (Al-Kindi et al. 2003) . Moreover, across much of the western UK the absence of evidence for substantial inversion is not evidence of its absence. Measurement of inversion-related shortening strain in exhumed basins is problematic because:
Fault heaves in inverted basins are apparent and, therefore, not a good record of horizontal shortening (Turner & Williams 2004) .
ii) Given that inversion geometries are most pronounced in the shallow parts of inverted basins where reverse fault displacement is greatest, the evidence for inversion is largely obliterated in relatively deeply exhumed basins like the East Irish Sea.
iii) In fine-grained siliciclastic basinfills like the SGCB, a significant component of inversion-related shortening may be accommodated by 'pure shear' -homogeneously distributed strain mechanisms such as porosity reduction and vertical thickening (c.f.
Eisenstadt & Withjack 1995). Location of the line is given in Figure 2 . Location of the line is given in Figure 2 . 
